SYNOPSIS
Using the Keio collection of gene-disrupted mutants of Escherichia coli we have recently carried out a genome-wide screening of the genes affecting glycogen metabolism. Among the mutants identified in the study, ΔmgtA, ΔphoP and ΔphoQ cells, all lacking genes that are induced under low extracellular Mg 2+ conditions, displayed glycogen-deficient phenotypes. In this work we show that these mutants accumulated normal glycogen levels when the culture medium was supplemented with submillimolar Mg 2+ concentrations. Expression analyses conducted in wild type, ΔphoP and ΔphoQ cells showed that the glgCAP operon is under PhoP-PhoQ control in the submillimolar Mg 2+ concentration range. Subsequent screening of the Keio collection under non-limiting Mg 2+ allowed the identification of 183 knock-out mutants with altered glycogen levels. The stringent and general stress responses, end-turnover of tRNA, intracellular AMP levels, and metabolism of amino acids, iron, carbon and sulfur were major determinants of glycogen levels. glgC::lacZY expression analyses using mutants representing different functional categories revealed that the glgCAP operon belongs to the RelA regulon. We propose an integrated metabolic model wherein glycogen metabolism is (a) tightly controlled by the energy and nutritional status of the cell and (b) finely regulated by changes in environmental Mg 2+ occurring at the submillimolar concentration range. supplementation. We found that changes in external Mg 2+ concentrations in the submillimolar range have profound effects on the ability of E. coli to accumulate glycogen. We have therefore re-screened the Keio collection for glycogen altered phenotypes employing culture medium supplemented with Mg 2+ . With the overall data amassed in this work we conclude that synthesis and utilization of glycogen is under control of a complex and intricate network wherein cell energy and nutritional status play crucial roles. We propose an integrated metabolic model wherein glycogen (a) is highly interconnected with a number of cellular processes and (b) is finely regulated by changes in environmental Mg 2+ occurring at the submillimolar concentration range. In addition, based in our observations we propose that intracellular AMP levels are critically important in regulating glycogen biosynthesis. A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
INTRODUCTION

EXPERIMENTAL PROCEDURES E. coli K-12 mutants and culture conditions
We used mutants from the systematic, single-gene knockout mutant collection of the nonessential genes of the E. coli K-12 derivative BW25113 [24] . For quantitative measurement of glycogen content, cells were grown at 37ºC with rapid gyratory shaking in liquid Kornberg medium (1.1% K 2 HPO 4 , 0.85% KH 2 PO 4 , 0.6% yeast extract from Duchefa, Haarlem, The Netherlands) containing 250 μM Mg 2+ and 50 mM glucose after inoculation with 1 volume of an overnight culture for 50 volumes of fresh medium. Cells from cultures entering the stationary phase were centrifuged at 4,400 x g for 15 min, rinsed with fresh Kornberg medium, resuspended in 40 mM Tris·HCl (pH 7.5) and disrupted by sonication prior to quantitative glycogen measurement (see below). Solid Kornberg medium was prepared by addition of 1.8% bacteriological agar to liquid Kornberg medium before autoclaving.
Screening for mutants with altered glycogen content
First screening of glycogen mutants on solid glucose Kornberg medium containing 250 μM Mg 2+ was carried out following the glycogen iodine staining method [31] . Mutants identified using this procedure were subsequently cultured in liquid glucose Kornberg medium containing 250 μM Mg
2+
, and subjected to quantitative glycogen measurement analyses using an amyloglucosidase/hexokinase/glucose-6P dehydrogenase-based test kit from Sigma. Intracellular glycogen content was referred to protein, which was measured using a Bio-Rad prepared reagent. Mutants with altered glycogen content were further confirmed for the indicated deletions by PCR using specific primers. The gene mutations promoting altered glycogen accumulation described in this work imply that both insertional mutants for each individual gene provided in the Keio collection displayed the indicated phenotype. The function of each gene whose deletion affects glycogen accumulation was assigned by referring to the EchoBASE (http://ecoliyork.org/) and EcoCyc (http://www.ecocyc.org/) databases. Determination of different metal contents in the yeast extract used for the preparation of the glucose Kornberg medium used in this and in our previous work [7] indicated the presence of around 50 μM Mg
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2+
. Although this intrinsic concentration would be expected to suffice for an active bacterial growth [25] , it was actually limiting for growth of the BW25113 strain used here, as judged by comparing both the growth rates and yields obtained with and without supplementation of submillimolar Mg 2+ concentrations (Supplemental Figure 1) . Limitations in bacterial growth due to deficient Mg 2+ contents are most probably due to the complexing effect exerted by the high phosphate concentration (ca. 120 mM) of the Kornberg medium [36] . Analyses of the expression of a chromosomal mgtA::lacZY transcriptional fusion on WT cells at the onset of the stationary phase revealed that mgtA was highly expressed at the onset of the stationary phase in medium lacking Mg 2+ supplementation (starting Mg 2+ concentration of 50 μM), while its expression was strongly repressed when the starting Mg 2+ concentration reached 250 μM or higher (Supplemental Figure 2) . The overall data thus showed that the culture medium employed in our previous work [7] (Figure 3A) . Supplementation of the culture medium with 1 mM Mg Figure 3B ), rule out a significant role of low intracellular Mg 2+ concentrations in the induction of glgCAP expression, and reinforce the notion that this operon is under positive control of the PhoP-PhoQ regulatory system under limiting environmental Mg 2+ concentrations. Noteworthy, sequence analyses of the 1000-bp-long promoter region upstream from the ATG initiation codon of glgC did not reveal the presence of a putative PhoP box, defined in E. coli as (T)G(T)TT(AA) [37] (Tables 1 and 2 ). Supplemental Table 1 shows the function of each gene product. Notably, a large group of 31 mutants, representing 17 % of the genes identified, corresponded to genes of unknown function, about which little or nothing is known.
As summarized in Figure 6 , the general trend indicates that glycogen metabolism of E. coli cells cultured under non-limiting Mg 2+ conditions is affected by proteins that can be embodied in the following groups:
• Stringent response, The asterisk (*) indicates categories which were not identified in our previous screening [7] .
In the following sections, the possible roles of some of the identified components are discussed.
The stringent response
During nutrient starvation E. coli elicits the so-called stringent response that switches the cell from a growth-related mode to a maintenance/survival/biosynthesis mode. The hallmark of this pleiotropic response is the accumulation of the alarmone (p)ppGpp, which is synthesized by the relA product [39. When (p)ppGpp accumulates, growth is The overall data thus indicate that relA control on E. coli glycogen levels may result from an interplay of its (p)ppGpp-mediated positive effect on glgCAP transcription, deviation of surplus ATP flux from nucleic acid and protein biosynthetic pathways to glycogen production, and its negative effect on intracellular levels of the GlgC negative effector AMP.
The general stress response
RpoS is an alternative sigma factor of the RNA polymerase for the general stress response, which has been proposed to be absolutely required for normal glycogen biosynthesis A c c e p t e d M a n u s c r i p t
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Amino acid metabolism
Yeast extract (the amino acid source of the Kornberg medium employed in this work) is deficient in various amino acids [47] . Amino acid starvation elicits the stringent response mediated by (p)ppGpp [40] . It is thus highly conceivable that mutations impairing amino acid synthesis and/or provision will lead to glycogen overaccumulation. Consistent with this view, several mutants impaired in the synthesis of tyrosine, phenylalanine, tryptophan and arginine (ΔaroA, ΔaroC, ΔaroF, ΔaroK, ΔaroL, ΔargH, ΔcarA, ΔcarB, and ΔtyrA) or in proline import (ΔproW) accumulated higher levels of glycogen than the WT strain (Figure 4) . In addition, several mutants impaired in either the import of sulfur sources (ΔcysA, ΔcysP, ΔcysU and ΔcysW) or enzymatic activities required for cysteine biosynthesis (ΔcysC, ΔcysD, ΔcysE, ΔcysG, ΔcysH, ΔcysI, ΔcysJ, ΔcysM, ΔcysN, ΔserA, ΔserB and ΔserC) also displayed glycogen-excess phenotypes (Figure 4) . Because cysteine constitutes the almost exclusive metabolic entrance of reduced sulfur into cell metabolism, it is likely that the glycogen-excess phenotype of mutants impaired in cysteine biosynthesis is the result of the stringent response elicited by both nitrogen (amino acid) and sulfur starvation.
It is important to note that, consistent with the view that the stringent response downregulates the production of AMP (see above), glycogen-excess mutants impaired in amino acid synthesis such as ΔserA and ΔcysI accumulated low AMP levels ( Figure   8 ). It is thus conceivable that, as discussed above, increase of glycogen levels in these mutants may also be ascribed to high GlgC activity occurring as a consequence of the low intracellular concentrations of the GlgC negative effector AMP.
Proteases
Lon and the two-component Clp ATP-dependent proteases play a major role in the degradation of damaged polypeptides and in the recycling of amino acids in response to nutritional downshift, which is a process involving a major portion of the maintenance energy requirement [48] . Therefore, it is expected that impairments in major cell protein degradation machineries will elicit the stringent response that, as discussed above, lead to enhancement of glycogen content. Consistent with this presumption, Δlon, ΔclpP or ΔclpA cells accumulated higher levels of glycogen than WT cells (Figure 4) . 5) and, due to their disability to produce branched α-1,6-glucosidic linkages, they stained blue when exposed to iodine vapors (Supplemental Figure 3) [49] A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
Carbon sensing, transport and metabolism
with the overriding importance of the phosphoenolpyruvate dependent phosphotransferase system (PTS) in the sensing and uptake of extracellular glucose, and in reflecting the energy status of the cell [52] .
Both cAMP produced by the membrane-bound adenylate cyclase (the product of cya), and CRP are required for expression of glgS and PTS-related genes required for nomal glycogen production [12, 53] . Consistent with previous reports showing that cya and crp are important regulators of glycogen metabolism [54] , Δcya and Δcrp cells of the Keio collection displayed marked glycogen-deficient phenotypes (Figure 5) .
Therefore, the glycogen-deficient phenotype of Δcya and Δcrp cells could be ascribed, at least in part, to downregulation of glgS and/or PTS-related genes. As to the possible regulation of glg genes by cya and crp, both in vitro and in vivo experiments have shown that cAMP/CRP positively regulates glgC and glgA expression in E. coli [10, 16, 20] . However, recent transcriptome analyses failed to indicate that glg genes belong to the cAMP regulon [53] . Our own analysis using a chromosomal glgC::lacZY fusion constructed on the Δcya mutant of the Keio collection (Figure 7) revealed that expression of glgCAP operon was not affected in this mutant, reinforcing the idea that E. coli glycogen metabolism is not regulated at the level of glgCAP expression by cAMP. We must emphasize that, by still unidentified mechanisms and reasons, Δcya and Δcrp cells accumulated high levels of AMP when compared to WT cells (Figure   8 ). The overall data thus indicate that control of E. coli glycogen metabolism by cAMP is the result of an interplay between the positive effect of this cyclic nucleotide on expression of glgS and PTS-related genes, and its negative effect on the intracellular levels of the GlgC negative effector AMP.
Δpgi cells lack phosphoglucose isomerase, the enzyme that catalyzes the conversion of glucose-6-phosphate (G6P) into fructose-6-phosphate. As shown in Figure 5 Δpgi cells accumulated low glycogen levels. In glucose-containing media Δpgi cells accumulate high levels of G6P [55] . This hexose-P strongly inhibits the glucose transporter and destabilizes ptsG mRNA [55, 56] . Therefore, the glycogen-deficient phenotype of Δpgi cells may be ascribed to impairments in the incorporation of glucose linked to glycogen biosynthesis as a consequence of the high intracellular G6P levels.
ΔybhE and Δzwf cells lack the two enzymes of the pentose phosphate pathway 6-phosphogluconololactonase and G6P dehydrogenase, respectively. Metabolic intermediates of this pathway are necessary for the production of aromatic amino acids. It is therefore conceivable that, as discussed above, the glycogen-excess phenotype displayed by these mutants (Figure 4) is the consequence of the stringent response triggered by the lack of internal amino-acid supply.
Iron metabolism
Iron is needed as a cofactor for a large number of enzymes. In aerobic conditions E. coli utilizes high-affinity extracellular siderophores that solubilize and capture Fe(III) prior to transport and metabolism [57] . Fur, a dominant sensor of iron availability, generally represses iron siderophore biosynthetic and transport genes such as fepB, fepD and fepG [57] . Under iron limiting conditions, iron dissociates from Fur, and increased transcription of genes ensues. Iron limitation causes the stringent response due to a SpoT-dependent increase of the ppGpp pool [58] . It is therefore expected that impairment in iron supply will lead to a stringent response induced glycogen over- A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law. availability, Fur can be considered to be a global regulator [57] . To investigate the possible Fur-dependent transcriptional regulation of glycogen metabolism we analyzed glgCAP expression in Δfur cells of the Keio collection by means of a chromosomal glgC::lacZY fusion. As shown in Figure 7 , glgC::lacZY derived β-galactosidase activity was not substantially modified in the Δfur mutants as compared to WT cells, indicating that E. coli glg genes are not members of the Fur regulon.
Energy production and cellular redox status ATP is a primary signal in regulating glycogen biosynthesis, and acts as substrate for the ADPG-producing reaction catalyzed by GlgC [56] . It is therefore conceivable that mutations in components required for the proper functioning of the aerobic electron transport chain and ATP generation will negatively affect glycogen accumulation.
Consistent with this view, ΔubiG and ΔubiH cells (deficient in ubiquinone production) and ΔiscU, ΔiscS, Δfdx and ΔhscB cells impaired in the machinery for the assembly/maintenance of Fe-S clusters (components required for the proper functioning of the aerobic electron transport chain and ATP generation [59] ) showed reduced glycogen levels ( Figure 5 ).
Glutathione is a major determinant of the redox status of the cell, playing a prime role in maintaining the correct assembly of electron transport chain components [60] . ΔgshB and Δgor cells (lacking the machinery necessary to produce and reduce glutathione, respectively) displayed a glycogen-deficient phenotype (Figure 5) , indicating that some components involved in glycogen metabolism are strongly affected by the cellular redox status.
Envelope composition and integrity
RpoE is an essential transcription initiation factor that governs the response to envelope stress and the expression of genes that are needed to heal envelope damage. The major point of regulation of RpoE is at the level of its interaction with the anti-sigma RseA factor [61] . When E. coli is subjected to extra-cytoplasmic stresses, RseA degrades and RpoE activity is induced. Another major point of regulation of RpoE takes place at the post-transcriptional level, since it has been shown that Hfq interaction with rseA mRNA downregulates rseA expression [62] . Remarkably both ΔrseA and Δhfq cells accumulated low glycogen levels (Figure 5) , suggesting that RpoE-mediated envelope stress response may to some extent negatively affect glycogen accumulation.
Mutants of genes coding for proteins involved in the maintenance of the cell envelope integrity such as rfaE, galU, tolB, tolR, tolQ, pal, and ponB, displayed glycogen-deficient phenotypes ( Figure 5 ). All these mutants are likely to promote both envelope stress and deformation of membrane that causes inhibition of the electron transport chain, energy production and formation of membrane potential necessary for nutrient import [63, 64] . The ΔrfaE mutant for instance lacks an enzyme required for E. coli lipopolysaccharide biosynthesis [65] . ΔgalU lacks the enzyme that catalyses the synthesis of UDP-glucose necessary for the synthesis of cell envelope components [66] . A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
Osmotic stress
Osmotic upshock results in a large decrease in the cytoplasmic volume and deformation of membrane that causes inhibition of electron transport system, respiration, sugar uptake and glycogen accumulation [63, 69, 70] . In addition, osmotic stress induces the expression of RpoE [71] . Consistent with the view that the energy status of the cell and glycogen metabolism are strongly determined by the cell osmotic conditions, ΔkdpB cells impaired in the high affinity potassium influx system that maintains the turgor pressure across the inner membrane [72] displayed a glycogen-deficient phenotype (Figure 5) .
Nucleotide metabolism
AMP is the natural negative regulator of GlgC [36] . It is thus expected that mutants impaired in the synthesis of this purine nucleotide will display AMP-deficient and glycogen-excess phenotypes. Consistent with this presumption, mutants of genes that code for enzymes involved in the de novo synthesis of AMP such as ΔpurA, ΔpurC, ΔpurD, ΔpurE, ΔpurF, ΔpurH, ΔpurL, and ΔpurM displayed glycogen-excess phenotypes and accumulated low AMP levels when compared to WT cells (Figure 4 and Figure 8 , respectively). Furthermore, cells ectopically expressing purB displayed AMP-excess and glycogen-deficient phenotypes (Figure 9 ).
End-turnover of tRNA
End-turnover of tRNA consists of the removal and readdition of the 3´terminal AMP residues to uncharged tRNA. RNase T (the product of rnt) is a nuclease highly specific for uncharged tRNA-C-C-A that releases AMP and tRNA-C-C, and that highly controls tRNA turnover in E. coli [73] . Cells impaired in tRNA turnover accumulate defective tRNA molecules, leading to arrest of protein biosynthesis as a consequence of elevation of ppGpp levels [74] . In agreement with the idea that the stringent response plays a pivotal role in glycogen metabolism, Δrnt mutants displayed a glycogen excess phenotype (Figure 4) .
Additional remarks
Results presented in this work show that glycogen metabolism is a highly regulated process that is connected with a wide variety of cellular functions. In addition, we show that extracellular Mg 2+ is an important determinant of both energy status of the cell and glycogen accumulation. Noteworthy, analyses of the intracellular AMP levels in mutants representing all categories of both glycogen-excess and glycogen-deficient mutants revealed a trend-wise reverse correlation between AMP and glycogen contents (Figure 8) . No such correlation could be found between ADP and glycogen content (Supplemental Figure 5) . This observation is consistent with the view discussed above that AMP plays a major role in regulating glycogen metabolism in E. coli. To further explore this hypothesis we carried out a time-course analysis of AMP and glycogen contents in cells cultured in liquid glucose Kornberg medium. As shown in Figure 10 , these analyses clearly revealed a reverse correlation between intracellular glycogen and AMP contents, the overall data further supporting the idea that AMP acts a major determinant of glycogen metabolism in E. coli. , iron, etc.), levels of cAMP, availability of a carbon source, redox status of the cell, and less well-defined systems sensing the cell energy status through the activity of the electron transport chain. According to this model, under conditions of limited nutrient provision, a decreased demand in ATP-dependent protein and nucleic acid synthesis will take place, and excess ATP will be diverted towards glycogen biosynthesis when an excess carbon source is present in the medium. Adk activity represents an important tool for maintaining Mg 2+ homeostasis and generating the membrane potential that drives nutrient transport and ATP synthesis. It allows amplification of extracellular Mg 2+ -dependent small changes in ATP and ADP concentrations into proportionally larger changes in AMP concentrations. 2+ concentration, transport of Mg 2+ across membranes, ATP synthesis and consumption, and Adk activity), levels of AMP (the main GlgC inhibitor), levels of ppGpp (which accumulates under conditions of limited provision of nutrients such as amino acids, sulfur, iron, etc.), levels of cAMP, availability of a carbon source, redox status of the cell, and less well-defined systems sensing the cell energy status through the activity of the electron transport chain. According to this model, under conditions of limited nutrient provision, a decreased demand in ATP-dependent protein and nucleic acid synthesis will take place, and excess ATP will be used for glycogen biosynthesis when glucose is present in the medium. A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law. A c c e p t e d M a n u s c r i p t
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